Introduction
============

In 1994, the American and European Consensus Conference (AECC) established specific clinical criteria for acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), providing standardization for clinical research and multicenter clinical trials \[[@B1]\]. However, despite improved understanding of the etiologies and pathophysiology of ALI in the nearly 20 years since formation of the AECC criteria \[[@B2]\], ALI remains a major cause of morbidity and mortality. Rubenfeld and colleagues \[[@B3]\] recently estimated the incidence of ALI at nearly 200,000 cases per year in the United States with an in-hospital mortality rate of nearly 40%. Lung protective strategies of mechanical ventilation remain the only therapies with an established survival advantage \[[@B4]-[@B7]\]. However, despite advances in the supportive care of patients with ALI, no disease specific treatments targeting the pathogenesis of the underlying lung injury can currently be recommended.

Numerous pharmacologic therapies have failed to demonstrate benefit in multicenter clinical trials \[[@B8],[@B9]\]. However, clinical trials have largely targeted enrolling patients within 48 hours of meeting AECC criteria while receiving mechanical ventilation, potentially delaying initiation of treatment until several days after onset of lung injury. Based on the successful paradigm of early goal-directed therapy for sepsis \[[@B10]\], greater clinical benefit may derive from intervening earlier in the course of ALI, prior to meeting current AECC criteria or prior to the onset of respiratory failure and need for mechanical ventilation.

Definitions: prevention versus early treatment
==============================================

The AECC criteria for ALI and ARDS include acute respiratory failure and require calculation of the partial pressure of oxygen (PaO~2~)/fraction of inspired oxygen (FiO~2~) ratio \[[@B1]\]. How one interprets the term \'respiratory failure\' and the mode of oxygen delivery used to estimate the FiO~2~may blur the distinction between prevention and early treatment of ALI. Traditionally, the diagnosis has been limited to patients receiving mechanical ventilation. Rubenfeld and colleagues \[[@B3]\], in the most rigorous epidemiologic study to date, interpreted respiratory failure to include mechanical ventilation via a noninvasive facemask or endotracheal tube. However, other authors have expanded interpretation of the consensus criteria to include non-mechanically ventilated patients and patients outside of the ICU \[[@B11]-[@B14]\]. Ferguson and colleagues \[[@B11]\] prospectively followed 815 patients admitted to a hospital ward or an ICU with at least one pre-defined risk factor for ALI. Fifty-three patients (7%) developed ALI. Of these, 17 were diagnosed with ALI outside of the ICU (15 of which were never admitted to an ICU) and 24 were not receiving mechanical ventilation at the time of the diagnosis.

While expanding the definition of ALI to non-mechanically ventilated patients may contribute to earlier recognition, it risks jeopardizing standardization of study populations. Quantifying lung injury by a PaO~2~/FiO~2~ratio in spontaneously breathing patients ignores the beneficial effects of positive pressure ventilation on lung recruitment and oxygenation and is likely not directly comparable to mechanically ventilated patients to whom this criterion has traditionally been applied. Also, expanding the criteria to patients who do not require positive pressure ventilation focuses the definition of respiratory failure on the need for supplemental oxygen (a PaO~2~\<63 mmHg on room air qualifies as a PaO~2~/FiO~2~ratio \<300) without regard for respiratory distress or impending respiratory arrest.

Therefore, our research group empirically derived clinical criteria for early ALI in a prospective series of 100 patients identified at the time of admission \[[@B15]\]. Defined by bilateral opacities on the chest radiograph and an oxygen requirement \>2 L/minute to maintain peripheral oxygen saturation (SpO~2~) \>90% in the absence of isolated left atrial hypertension, early ALI identified patients who subsequently progressed to ALI requiring mechanical ventilation with 73% sensitivity and 79% specificity. Subsequently, Gajic and colleagues \[[@B16]\] prospectively derived the Lung Injury Prediction Score (LIPS; Table [1](#T1){ref-type="table"}) in a multicenter cohort of 5,000-plus patients admitted with at least one known risk factor for ALI. A LIPS \>4 provided the best discrimination with an associated sensitivity of 69%, specificity of 78% and a positive predictive value of 18%.

###### 

Lung Injury Prediction Score calculation worksheet

                                  LIPS points
  ------------------------------- -------------
  Predisposing conditions         
   Shock                          2
   Aspiration                     2
   Sepsis                         1
   Pneumonia                      1.5
   High-risk surgery^a^           
    Orthopedic spine              1
    Acute abdomen                 2
    Cardiac                       2.5
    Aortic vascular               3.5
   High-risk trauma               
    Traumatic brain injury        2
    Smoke inhalation              2
    Near drowning                 2
    Lung contusion                1.5
    Multiple fractures            1.5
  Risk modifiers                  
   Alcohol abuse                  1
   Obesity (BMI \>30)             1
   Hypoalbuminemia                1
   Chemotherapy                   1
   FiO~2~\> 0.35 (\>4 L/minute)   2
   Tachypnea (RR \>30)            1.5
   SpO~2~\< 95%                   1
   Acidosis (pH \<7.35)           1.5
   Diabetes mellitus^b^           -1

^a^Add 1.5 points if emergency surgery. ^b^Only if sepsis. Example 1: patient with a history of alcohol abuse with septic shock from pneumonia requiring FiO~2~\>0.35 in the emergency room; sepsis (1) + shock (2) + pneumonia (1.5) + alcohol abuse (1) + FiO~2~\>0.35 (2) = 7.5. Example 2: motor vehicle accident with traumatic brain injury, lung contusion, and shock requiring FiO~2~\>0.35; traumatic brain injury (2) + lung contusion (1.5) + shock (2) + FiO~2~\>0.35 (2) = 7.5. Example 3: patient with a history of diabetes mellitus and urosepsis with shock; sepsis (1) + shock (2) + diabetes (-1) = 2. BMI, body mass index; FiO~2~, fraction of inspired oxygen; LIPS, Lung Injury Prediction Score; RR, respiratory rate; SpO~2~, oxygen saturation by pulse oximetry. Reprinted from \[[@B16]\] with permission of the American Thoracic Society. Copyright © 2012 American Thoracic Society. Official Journal of the American Thoracic Society.

For some pulmonary-specific risk factors included in the LIPS (that is, pneumonia, aspiration, SpO~2~\<95% or FiO2 \>35%), the distinction between prevention and early identification may be semantic while for others (non-pulmonary sepsis, high risk elective surgery, comorbidities) the distinction is real - affecting not only the prevalence but also the time of progression to ALI. In our cohort, the prevalence of ALI was 33% and median time to progression was less than 24 hours \[[@B15]\]. Similarly, rapid rates of progression were reported by Ferguson and colleagues (median 1 day, interquartile range 0 to 4) \[[@B11]\] and Pepe and colleagues (76% within 24 hours) \[[@B17]\]. In the LIPS cohort, which included admissions for high risk surgeries, prevalence of ALI was 7% and progression to ALI occurred over a median of 2 days (interquartile range 1 to 4 days) \[[@B16]\]. These differences may have important implications when selecting strategies to identify patients within an adequate window to initiate appropriate therapeutic or preventative therapies. The LIPS criteria provide a longer time window for patient identification but preventative strategies will need to include more patients, many of whom will not develop ALI regardless of intervention. The criteria in our study identified a group of patients with a higher likelihood of developing ALI, although the time interval for intervention was shorter. Also, identifying early but existing lung injury on chest radiograph is inherently subjective and requiring recognition of radiographic abnormalities may preclude early identification of some patients, particularly high risk surgical patients.

Improved recognition of high risk patients
==========================================

More sensitive and earlier recognition of patients with or at high risk for developing ALI will be integral to any strategy targeting early intervention. Herasevich and colleagues \[[@B18]\] at the Mayo clinic in Rochester performed an automated continuous surveillance of 3,795 ICU patients using their \'ALI sniffer\' (PaO~2~/FiO~2~\<300; boolean query of radiographic reports for \'bilateral\' and \'infiltrate\' or \'edema\') and identified 325 patients with ALI with a sensitivity and a specificity of 95% and 89%, respectively. Physician recognition of ALI was present at the time of \'sniffer\' identification in only 27% of patients and there was an associated use of larger tidal volumes (9.2 versus 8.0 ml/kg predicted body weight) in unrecognized cases of ALI \[[@B18]\]. The same authors subsequently demonstrated that automated surveillance and text page notification of physicians and respiratory therapists reduced time of exposure (41 ± 76 versus 27 ± 77 hours, *P*= 0.004) to potentially injurious mechanical ventilation (defined as a tidal volume \>8 cc/kg) in patients with ALI \[[@B19]\].

Prevention strategies
=====================

There is growing recognition that at least a subset of ALI occurs as a \'two-hit\' phenomenon. A predisposing condition, such as an inflammatory endothelial (that is, sepsis) or epithelial (that is, aspiration) injury, is followed by a second insult (that is, mechanical ventilation or transfusion of blood products), resulting in activation of primed neutrophils and progression to ALI. Similar to commonly employed practices for stress ulcer and deep venous thrombosis prophylaxis, strategies targeting risk factor modification (that is, avoiding a \'second-hit\') in at-risk patients have the potential to substantially reduce rates of ALI.

Early appropriate management of sepsis
--------------------------------------

In a multivariate analysis of risk factors for ALI, Iscimen and colleagues \[[@B20]\] found that delayed early goal-directed resuscitation and delayed administration of appropriate antibiotics were both independent predictors of progression to ALI. In an ancillary study of the LIPS cohort, a net fluid balance of greater than 2 liters was an independent predictor of developing ALI \[[@B21]\]. While an observational design does not allow ideal accounting for confounding by indication in patients with a positive fluid balance, these studies suggest that early but judicious fluid resuscitation for patients with severe sepsis, followed by a conservative fluid strategy after resolution of shock, might reduce the number of patients who progress to ALI.

Restrictive transfusion protocols
---------------------------------

There is growing evidence that transfusion of blood products plays an important role in the pathogenesis of ALI in at-risk patients. Transfusion related ALI (TRALI) is the best characterized of the \'two hit\' models for ALI \[[@B22]\]. First, the pulmonary vascular endothelium is activated by one or more endogenous stimuli (that is, sepsis, surgery), resulting in vascular adherence of activated neutrophils \[[@B23],[@B24]\]. A second event, the transfusion of antibodies to leukocyte antigens or the infusion of bioactive lipids, results in neutrophil-mediated injury to the vascular endothelium with increased permeability edema and ALI \[[@B22],[@B25]\]. Quantification of the risk of transfusion is challenged by the current criteria for TRALI, which exclude patients with known risk factors for ALI \[[@B26],[@B27]\]. Reported rates of TRALI, based on recognition of overt cases in patients without known risk factors for ALI (that is, \'first-hits\'), are low \[[@B28],[@B29]\]. However, Gajic and colleagues \[[@B30]\] observed an incidence of TRALI of 8% in 901 consecutively transfused medical ICU patients and 12% of patients had worsening of their oxygenation following transfusion. Expanding the definition to include delayed TRALI (development of ALI 6 to 72 hours after transfusion regardless of existing risk factors) increases the incidence to 25% with an associated mortality of 40% \[[@B31]\]. Also, plasma-rich products (that is, fresh frozen plasma and platelets), particularly from multiparous female donors, carry a greater risk of TRALI than packed red cells \[[@B30],[@B32]\]. Removal of female donors from the plasma donor pool beginning in 2006 has been associated with reduced rates of TRALI \[[@B33]\]. Widespread adoption of restrictive transfusion protocols in high risk patients may provide further reductions in rates of ALI.

Lung protective ventilation
---------------------------

Lung protective ventilation remains the only specific therapy for ALI with a proven survival advantage \[[@B4]\]. However, additional benefit may be derived from implementing lung protective ventilation strategies in patients without ALI. Gajic and colleagues \[[@B34]\] found a nearly 30% increased risk of ALI for every 1 cc/kg increase in the day 1 tidal volume above 6 cc/kg in mechanically ventilated patients without ALI (odds ratio 1.29, 95% confidence interval 1.12 to 1.51; Figure [1](#F1){ref-type="fig"}). A subsequent clinical trial of 6 versus 10 ml/kg tidal volumes in mechanically ventilated patients without ALI was stopped early due to higher rates of ALI in the higher tidal volume group \[[@B35]\] (Figure [2](#F2){ref-type="fig"}).

![**Proportion of patients who developed acute lung injury (ALI) according to tidal volume in patients mechanically ventilated for \>48 hours without ALI at time of intubation**. Tidal volume (Vt) ≤ 9 ml/kg predicted body weight (PBW; n = 66); Vt 9 to 12 ml/kg PBW (n = 160); Vt ≥ 12 ml/kg PBW (n = 100). \*Adjusted *P*-value from a multiple logistic regression model including tidal volume, transfusion, postoperative, height, female gender, restrictive lung disease, and acidosis (pH \<7.35); tidal volume was treated as a continuous variable. Reprinted from \[[@B34]\] with permission from *CriticalCare Medicine*.](cc11144-1){#F1}

![**Kaplan-Meier curve of incidence of acute lung injury (left), percentage of patients weaned from ventilator (middle), and mortality (right) in patients mechanically ventilated with conventional tidal volume (solid circles) or lower tidal volumes (open circles)**. ALI, acute lung injury; ARDS, acute respiratory distress syndrome. Reprinted from \[[@B35]\] with permission from *Critical Care*.](cc11144-2){#F2}

Non-invasive ventilation
------------------------

The role of non-invasive mechanical ventilation (NIV) in ALI remains uncertain. There are no large multicenter clinical trials of NIV specifically for ALI. A small trial of immunocompromised patients with pulmonary infiltrates and acute respiratory failure found NIV reduced rates of intubation and mortality \[[@B36]\]. In a trial of 102 patients with severe hypoxemic respiratory failure (34 with pneumonia and 15 meeting criteria for ARDS), Ferrer and colleagues \[[@B37]\] found NIV reduced rates of intubation and 90-day mortality. However, in a trial of 123 patients with acute hypoxemic respiratory failure (102 of whom had ALI), NIV did not reduce rates of intubation or mortality despite early physiologic improvements \[[@B38]\]. Also, more adverse events occurred in the NIV group. In a multicenter review, 79 of 147 patients with ARDS avoided intubation with NIV. However, these 147 patients were a subset of a total of 479 patients with ARDS. Most were intubated without receiving NIV so these 147 patients likely represent a highly selected population. In this cohort, a Simplified Acute Physiology Score (SAPS) II \>34 and inability to improve the PaO~2~/FiO~2~ratio after 1 hour predicted failure of NIV \[[@B39]\]. In another study, 38 (70%) of 54 patients with ALI (including all 19 patients with shock) initially managed with NIV eventually required intubation \[[@B40]\]. Patients who failed NIV also had higher than predicted mortality (68% versus 39%, *P*\< 0.01).

NIV has not been adequately evaluated in prospective clinical trials to recommend its routine use in patients with ALI. If used, however, a general guideline is that it should be reserved for patients without shock and with less severe lung injury. Patients should be reassessed within one hour and patients without significant physiologic improvement should probably be intubated to avoid potential negative consequences of delayed intubation.

Improved supportive care
------------------------

Given the growing understanding of the importance of secondary risk factors in the pathogenesis of ALI, improved standardization of the supportive care of high risk patients has the potential to substantially reduce the incidence of ALI. In Olmstead County, Minnesota (home to the Mayo Clinic, which has been a major force in the field of lung injury prevention), Li and colleagues \[[@B41]\] found an 8 year decline in the incidence of ARDS among ICU patients from 82 to 39 per 100,000 person years despite a higher initial severity of illness (Figure [3](#F3){ref-type="fig"}). The reduction in ARDS was due entirely to a reduction in hospital acquired-ARDS with no difference in the prevalence of ARDS on admission to the ICU. Similarly, in a trauma-specific cohort, Ciesla and colleagues \[[@B42]\] found a reduction in rates of ALI (from 43% to 25%) and multiple organ failure (33% to 12%) despite similar injury severity in 897 patients enrolled over a 6.5 year study period.

![**Trends in age- and sex-specific incidence of acute respiratory distress syndrome from 2001 to 2008 in Olmsted County, Minnesota (incidence obtained by validated screening of ICU admission within Mayo Clinic)**. Dotted lines represent 95% confidence intervals. ALI, acute lung injury. Reprinted from \[[@B41]\] with permission of the American Thoracic Society. Copyright © 2012 American Thoracic Society. Official Journal of the American Thoracic Society.](cc11144-3){#F3}

The United States Critical Illness and Injury Trials group and the Lung Injury Prevention Study (USCIITG-LIPS) investigators have developed the Checklist for Lung Injury Prevention (CLIP) in an attempt to standardize the care of at-risk patients and are currently validating its utility. The checklist targets increased compliance with evidence-based practice in at risk patients (that is, aspiration precautions, early appropriate antibiotics and goal-directed therapy for sepsis, restrictive transfusion protocols, lung protective ventilation for intubated patients and restrictive fluid management after reversal of shock). The utility of this web-based clinical decision tool, for either impacting management or improving patient outcomes, needs validation. However, widespread adoption of standard supportive care practices has the potential to further reduce the incidence of ALI.

Pharmacologic strategies for prevention or early treatment
==========================================================

Currently, no pharmacologic therapy can be recommended as standard management of ALI \[[@B8],[@B9]\]. However, intervention with pharmacologic agents may be more successful if initiated prior to the onset of lung injury or at least prior to progression to respiratory failure requiring mechanical ventilation. Multiple novel therapies have emerged as promising candidates for trials of prevention or early treatment of ALI.

Aspirin
-------

Aspirin is inexpensive, safe and a readily available therapy with potential to prevent ALI. Looney and colleagues \[[@B43]\] described the importance of platelet and neutrophil interaction as an essential component of the \'two-hit\' model of TRALI. In a mouse model of TRALI, pre-treatment with aspirin prevented lung injury \[[@B23]\]. In a multivariate analysis of the single center LIPS derivation cohort, patients receiving anti-platelet therapy at the time of admission had significantly lower rates of developing ALI \[[@B44]\] (Table [2](#T2){ref-type="table"}). In the subsequent multicenter LIPS cohort, prehospital anti-platelet therapy remained associated with lower rates of ALI but did not quite reach statistical significance (*P*= 0.07) \[[@B45]\]. Based on these findings, the USCIITG-LIPS study group recently initiated a multicenter phase II/III trial of aspirin versus placebo in at-risk patients with a LIPS \>4, targeting a reduction in rate of progression to ALI.

###### 

Cox proportional hazard of acute lung injury free-survival through 28 days from hospital admission

  Parameter                                Risk ratio   95% CI      *P*-value
  ---------------------------------------- ------------ ----------- -----------
  Antiplatelet therapy                     0.34         0.13-0.88   0.03
  Propensity for antiplatelet therapy^a^   1.08         0.93-1.26   0.32
  APACHE III at ICU hour 1                 1.02         1.00-1.04   0.08
  LIPS                                     1.67         1.33-2.12   \<0.01

^a^The propensity for antiplatelet therapy was calculated based on a multivariate logistic regression analysis that included age, sex, coronary artery disease, diabetes mellitus, smoking, and prehospitalization statin therapy. ALI, acute lung injury; APACHE, Acute Physiology and Chronic Health Evaluation; LIPS, Lung Injury Prediction Score. Reprinted from \[[@B44]\] with permission from the American College of Chest Physicians.

Statins
-------

Statins are another reasonably safe and readily available therapy with potential for prevention or treatment of early lung injury. In murine models of sepsis, statins reduce leukocyte adherence \[[@B46],[@B47]\], attenuate release of pro-inflammatory cytokines \[[@B48]-[@B50]\], and improve survival \[[@B46],[@B48],[@B51]\]. Additionally, statins attenuate lung injury \[[@B48],[@B49]\] and pulmonary vascular permeability \[[@B48]\] in murine models of ALI. In humans, data from the cardiology literature show consistent reduction in plasma levels of C-reactive protein with statin therapy \[[@B52]-[@B55]\]. Multiple observational studies have shown improved outcomes in patients on statins at time of hospitalization for sepsis \[[@B56]-[@B60]\] or pneumonia \[[@B61],[@B62]\]. A recent study of 575 critically ill patients found that prehospital statin use was associated with lower rates of ALI and this effect seemed to be potentiated by prehospital aspirin use \[[@B63]\].

A recent phase II clinical trial in 60 mechanically ventilated patients with ALI found improvement in non-pulmonary organ dysfunction and a trend toward improved oxygenation and pulmonary mechanics in patients treated with simvastatin compared to placebo \[[@B64]\] (Figure [4](#F4){ref-type="fig"}). Two large clinical trials of statins are currently underway. The first, Simvastatin Effect on the Incidence of Acute Lung Injury/Adult Respiratory Distress Syndrome (NCT01195428), targets prevention of ALI in a randomized trial of simvastatin versus placebo in 360 critically ill patients with sepsis. The second, the ARDS Network Statins for Acutely Injured Lungs from Sepsis (SAILS; NCT00979121), targets improved mortality in 1,000 mechanically ventilated ALI patients with evidence of infection randomized to rosuvastatin versus placebo within 48 hours of meeting ALI criteria.

![**Effects of simvastatin on pulmonary and nonpulmonary organ function**. Patients with acute lung injury/acute respiratory distress syndrome were treated with 80 mg simvastatin (gray bars) or placebo (white bars). **(a)**Simvastatin reduces oxygenation index (OI) at day 14 but does not reach statistical significance. Data are mean and standard deviation. **(b)**Simvastatin reduces plateau pressure at day 14 but does not reach statistical significance. Data are mean and standard deviation. **(c)**Simvastatin reduces lung injury score (LIS) at day 14 but does not reach statistical significance. Data are mean and standard deviation. **(d)**Simvastatin reduces Sequential Organ Failure Assessment (SOFA) score at day 14. Data are median (interquartile range). \* *P*\< 0.05 versus placebo. Reprinted from \[[@B64]\] with permission of the American Thoracic Society. Copyright © 2012 American Thoracic Society. Official Journal of the American Thoracic Society.](cc11144-4){#F4}

Beta-2 adrenergic agonists
--------------------------

Animal data have shown that alveolar fluid clearance depends on active sodium and fluid transport across the alveolar epithelium \[[@B65]\] and that beta agonists upregulate the rate of alveolar fluid clearance in normal epithelium and models of ALI \[[@B66],[@B67]\]. Beta agonists also have anti-inflammatory properties \[[@B68]\] and reduce vascular permeability in models of ALI \[[@B66]\]. In addition, aerosolized albuterol attained therapeutic levels in pulmonary edema fluid in mechanically ventilated patients with acute respiratory failure \[[@B69]\].

Human observational studies have found that aerosolized beta agonists are independently associated with shorter duration of mechanical ventilation and improved survival in adult and pediatric patients with ALI \[[@B12],[@B70]\]. A European phase II trial of 40 mechanically ventilated patients with ALI randomized to intravenous salbutamol versus placebo found reduced extravascular lung water and improved lung compliance in the treatment group \[[@B71]\]. However, a recent multicenter trial by the ARDS Network of aerosolized albuterol in mechanically ventilated patients was stopped early for futility with a trend toward worse clinical outcomes \[[@B72]\]. Serum analysis of treated patients confirmed delivery of therapeutic levels of albuterol, suggesting the route of delivery does not explain the negative findings. Similarly, a follow up European multicenter randomized phase III trial of intravenous salbutamol showed no reduction in 60 day or ICU mortality in the patients treated with intravenous salbutamol \[[@B73]\].

However, beta agonists, particularly aerosolized beta agonists, may be more effective when initiated prior to the onset of respiratory failure. An intact functional epithelium is necessary for upregulation of alveolar fluid clearance and this may be less prevalent in more advanced stages of ALI \[[@B74]\]. Also, modest changes in extravascular lung water may be less relevant in mechanically ventilated patients, particularly in the context of data from the ARDS network trial that reported that fluid management practices can reduce net fluid balance by 7 liters over the course of ALI \[[@B75]\]. Ultimately, empiric use of aerosolized beta agonists for dyspneic patients with possible early lung injury remains common in clinical practice. Data from two large clinical trials of mechanically ventilated patients suggest this practice is not effective. A well designed clinical trial targeting prevention or treatment of early lung injury prior to the need for mechanical ventilation is needed to determine if continuation of this routine practice is warranted.

Inhaled corticosteroids
-----------------------

The role of corticosteroids in ALI remains controversial. In a trial of 24 patients with nonresolving ARDS, Meduri and colleagues \[[@B76]\] reported improved survival in patients treated with methylprednisolone, although this trial had a 2:1 randomization with several cross-overs in the placebo group. The ARDS Network subsequently attempted to confirm these findings in a large multicenter clinical trial \[[@B77]\]. The results demonstrated a small improvement in oxygenation, and more ventilator-free days at 60, but not at 180, days and no decrease in 60 or 180 day mortality. Also, myopathy was more common in the treatment group and there was a trend toward worse outcomes when corticosteroids were initiated after 14 days.

Inhaled corticosteroids may provide better delivery of drug to the lung while potentially avoiding negative systemic effects of corticosteroids. Pretreatment with inhaled beclomethasone reduced neutrophils and improved lung function in septic models of lung injury in pigs \[[@B78]-[@B80]\]. Pigs treated with inhaled terbutaline and budesonide 30 and 60 minutes post-lung injury with chlorine gas had improved oxygenation and lung compliance and combined therapy was more effective than either therapy alone \[[@B81]\]. Pretreatment with inhaled budesonide also reduced bronchoalveolar lavage fluid levels of neutrophils and of tumor necrosis factor-α, interleukin-6 and interleukin-1β compared to placebo and n-acetylcysteine in a lipopolysaccharide model of lung injury in rats \[[@B82]\].

In the LIPS cohort, patients being treated with inhaled corticosteroids at hospital admission had a reduced incidence of ALI \[[@B83]\]. This association was independent of multivariate adjustment using propensity score analysis (adjusted odds ratio 0.39, 95% confidence interval 0.14 to 0.93). However, 70% of patients on inhaled corticosteroids were also using inhaled beta agonists, precluding insight into the independent versus the combined effects of these two therapies in prevention of ALI. A multicenter pilot trial of inhaled corticosteroids and beta agonists in a 2 × 2 factorial design is currently being considered by the USCIITG-LIPS study group.

Potential future therapies
--------------------------

Preliminary animal and human data have identified other pharmacologic agents with potential benefit as early treatments of ALI. Angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) have anti-inflammatory properties and have been shown to improve lung function in murine models of lung injury \[[@B84],[@B85]\]; however, use of these at time of hospital admission was not associated with a reduced incidence of ALI in the LIPS cohort \[[@B86]\].

Vitamin D is thought to play an important role in innate host immunity and lung homeostasis \[[@B87]\]. Vitamin D deficiency is common in critically ill patients, particularly in elderly patients and patients with sepsis \[[@B88],[@B89]\]. Vitamin D supplementation is safe and inexpensive and treatment of vitamin D deficiency may be a promising new treatment for patients with ALI and critically ill patients in general. However, in preliminary data from a case-control study of ICU patients, vitamin D deficiency was not an independent risk factor for developing ALI \[[@B90]\].

Altered coagulation and microvascular thrombi appear to play an important role in the pathogenesis of sepsis and ALI. In the multicenter cohort of the ARDS Network trial of lower tidal volumes, lower protein C levels and higher plasminogen activator inhibitor-1 (PAI-1) levels were independent predictors of mortality \[[@B91]\]. However, a subsequent phase II clinical trial of activated protein C in patients with ALI without sepsis failed to show improvement in the duration of mechanical ventilation or mortality despite a reduction in pulmonary dead space \[[@B92]\]. In addition, the recently released report that activated protein C did not reduce mortality in the large randomized PROWESS II septic shock trial will markedly reduce enthusiasm for anticoagulant therapies in ALI. Although the details of this trial are not yet available, if the results show that activated protein C did not reduce the incidence of ALI in septic patients, then the potential value of anticoagulant therapies as a preventative treatment will also be diminished.

Conclusions
===========

Prior clinical trials of several pharmacologic agents in ALI may have failed to improve outcomes in part because the trials enrolled patients who already required mechanical ventilation, thus delaying initiation of therapy until several days after the onset of lung injury. An emerging understanding of the \'two-hit\' model in the pathogenesis of ALI and the importance of risk factor modification in high risk patients may provide a significant opportunity to reduce the incidence of ALI or the progression from early ALI to ventilator-dependent ALI. Sufficient evidence currently exists to recommend improved adherence to early goal-directed therapy in severe sepsis with conservative fluid management strategies after the resolution of shock; lower tidal volumes in mechanically ventilated patients; conservative protocols for transfusion of blood products (particularly plasma-rich products such as platelets and fresh frozen plasma), and aspiration precautions. The Checklist for Lung Injury Protection \[[@B93]\] is an online tool available to clinicians to help improve standardization of supportive care in patients at risk for developing ALI.

Any proposed therapies targeting prevention or early treatment of lung injury prior to respiratory failure should consider the additional costs and risks incurred by treating larger populations of at-risk patients, of whom only a fraction will actually develop ALI. Ideal candidates for novel pharmacologic treatments of early ALI should be inexpensive, safe and readily available. While routine use of the LIPS will help identify patients at increased risk for developing ALI, these target patients are still a relatively low risk patient population compared to standard ALI cohorts and use of expensive or high risk treatments might not be justified. Of the current candidate treatments, statins and aspirin are the best characterized and are currently being evaluated in large multicenter clinical trials. Aerosolized delivery of other treatments, including corticosteroids, beta agonists and newer therapeutics yet to be developed, may provide better delivery of drug directly to the lung while avoiding possible unwanted systemic effects.

Progress in specific treatments for ALI beyond lung protective strategies of mechanical ventilation and conservative fluid management has not yet been realized. The recent focus on prevention of ALI and early treatment of ALI patients prior to the onset of respiratory failure requiring mechanical ventilation has identified new populations of at-risk patients and provided new opportunities for clinical research testing therapeutic interventions in these patients.

Abbreviations
=============

AECC: American-European Consensus Conference; ALI: acute lung injury; ARDS: acute respiratory distress syndrome; FiO~2~: fraction of inspired oxygen; LIPS: lung injury prediction score; NIV: non-invasive mechanical ventilation; PaO~2~: partial pressure of oxygen; SpO~2~: peripheral oxygen saturation; TRALI: transfusion related acute lung injury; USCIITG-LIPS: The United States Critical Illness and Injury Trials group and the Lung Injury Prevention Study.

Competing interests
===================

JEL is a current member of the USCIITG-LIPS investigators and is funded by an NIH/NHLBI career development award (5K23HL091334) to study the early identification and treatment of ALI. MAM is the sponsor for Dr Levitt\'s NIH/NHLBI career development award (5K23HL091334).
